TDP-43 (TAR DNA-binding protein of 43 kDa) plays multifaceted roles in cellular functions and survival. Irrevocable nucleo-cytoplasmic translocation and aggregation are the hallmarks of TDP-43 pathology-associated neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTD). Amyotrophic lateral sclerosis is a progressive neuro-muscular degenerative disease, with an average survival time of 3 to 5 years at diagnosis. However, a small fraction of ALS patients survive up to 20 years or longer, depending on the severity of disease progression and associated gene mutations. Amyotrophic lateral sclerosis is one of the most difficult diseases to diagnose, and no effective treatment is currently available. Complex involvement of multiple pathways and protein deregulations have hindered efforts to find a universal druggable target for the ALS group of diseases. Among various ALS subtypes, more than 90% of the cases have been linked to ALS-TDP-43, with a high degree of pathogenic overlap with other ALS-associated genes/factors in many subtypes.
TDP-43 is an RNA/DNA-binding protein of the hnRNP family. TDP-43 is predominantly a nuclear protein but shuttles between various cellular compartments/organelles using its bifurcated nuclear localization and nuclear export sequences, as well as several types of post-translational modifications. A decade of research since the discovery of the TDP-43's association with ALS in 2006 1 identified important pathophysiological mechanisms, including (1) TDP-43 toxicity-mediated dysregulation of mRNA processing, small RNA biogenesis, and RNA-linked gene expression; (2) disease-linked pathogenic mutations, mostly localized in the C-terminal domain of TDP-43, induced its nucleo-cytoplasmic mislocalization/aggregation leading to activation of neuro-inflammatory and cell death mechanisms; and (3) TDP-43's association with stress granules and abnormal stress response mediated by TDP-43 toxicity. However, none of these protein-and/or RNA-linked disease mechanisms completely recapitulate human TDP-43-ALS pathology in animal models.
Emerging studies in recent years indicate that DNA strand breaks, including the most lethal form of double-strand breaks (DSBs), transiently occur as a physiological constraint or prerequisite during neural development and functioning, 2 particularly for regulation of neuronal gene expression, chromatin remodeling, and neuron maturation. 3 The evolutionary significance of such DNA break formations during normal physiological processes and whether these DNA breaks are formed as a by-product or as a prerequisite is still controversial; however, their efficient and timely repair is critically important in maintaining genomic integrity and fidelity. Unraveling of the intricate connection between genome instability and neurodegeneration in recent studies underscores the need to Our recent study uncovered a critical role for TDP-43 in the non-homologous end joining (NHEJ)-mediated repair of DSBs in regulating the recruitment of classical NHEJ repair factors at break sites in response to genomic insults. 4 We discovered that nuclear clearance pathology of TDP-43 in spinal motor neurons causes DNA DSB repair defects in ALS. Nonhomologous end joining is considered a predominant DSB repair pathway in post-mitotic neurons that lack homologous recombination (HR)-mediated repair machinery. We showed that the absence of functional TDP-43 impaired DSB ligation via the XRCC4-DNA Ligase 4 (Lig4) complex in the neuronal genome. These novel findings (schematically represented in Figure 1 ) highlight previously unexplored functions of TDP-43 in DNA metabolism and a key pathological mechanism for TDP-43-induced cytotoxicity in ALS neurons. In this commentary, we discuss the implications of these new findings and explore the potential of the DNA repair pathway as a therapeutic target to ameliorate genome instability in affected neurons. We also discuss the unanswered questions in this area and future perspectives.
Etiological Linkage of TDP-43 Proteinopathy With Genome Damage Accumulation and Altered DNA Damage Response Signaling in ALS-TDP-43
A typical TDP-43 proteinopathy in ALS as well as other TDP-43-associated neurodegenerative diseases is characterized by tau-negative and ubiquitin-positive inclusions in the neuronal cytosol. The inclusion bodies contain aggregated and/ or fragmented forms of TDP-43. This is accompanied by the corresponding decrease in functional TDP-43 from the nuclear neuronal nuclei. Several pathogenic mutations, mostly in the C-terminal prion-like domain of TDP-43, are linked to both sporadic and familial ALS. We recently reported a strong correlation between persistent accumulation of unrepaired DSBs and DNA damage response (DDR) activation as measured by the increased accumulation of DDR/DSBR markers such as p-53BP1 (S1778) and γH2AX, and TDP-43 proteinopathy in ALS-TDP-43 patients' spinal cord tissues. 4 A similar linkage of TDP-43's loss of function and increased DNA strand break accumulation and altered DDR was consistently observed in multiple in vitro and in vivo ALS models, including TDP-43-depleted human-induced pluripotent stem cell (iPSC)-derived motor neurons, CRISPR/Cas9-mediated TDP-43 knockout (KO) neurons, and a Caenorhabditis elegans strain expressing a functionally dead TDP-1 (ortholog of human TDP-43) mutant. This was the first report linking TDP-43 pathology with genome instability and suggested a crucial role of TDP-43 in DNA strand break repair in neurons.
Crucial Role of TDP-43 in Classical NHEJ Pathway of DSB Repair
Selective interaction with DDR and NHEJ factors TDP-43 was first shown to interact with NHEJ factor Ku70 by mass spectrometry analyses by Taylor and colleagues, 5 which led us to investigate the possible role of TDP-43 in DNA damage repair. TDP-43 exhibited several-fold increase in its in cell association with DDR factors γH2AX, p-ATM, and p-53BP1 in response to DSB induction in multiple cell types including human iPSC-derived motor neurons. In addition, TDP-43 also interacts with the DSB repair protein-linked NHEJ pathway, including Ku, DNA-PKcs, DNA polymerase λ, XRCC4, and Lig4. All these interactions were enhanced on DSB damage induction, suggesting their specificity. Selective interaction of TDP-43 with the XRCC4-Lig4 complex, but not with the XRCC1/DNA Ligase 3 complex, suggested its specific role in NHEJ-mediated DSB repair. Furthermore, we observed TDP-43's preferential DNA damage-dependent association with DNA polymerase λ (but not with DNA polymerase μ), which is required for short-gap filling for XRCC4-Lig4-mediated DSB ligation. 4 
Recruitment at DSB damage sites
Our studies using laser microirradiation (to induce DSBs) coupled with live cell imaging, damaged DNA immunoprecipitation, and proximity ligation assays (PLA) revealed that TDP-43 is rapidly recruited at DSB sites in neuronal genome and is retained until the completion of repair. In fact, TDP-43's association/dissociation at DSB sites closely followed a key NHEJ factor Ku70. Importantly, laser ablation was performed using a 405-nm laser with 100% output, which generated primarily DSBs. Notably, laser ablation at lower output power, which induces mostly non-DSB damages, did not induce any detectable TDP-43 recruitment in the damage track. TDP-43's affinity to blunt-ended DNA oligos in vitro further confirmed direct binding of TDP-43 to DSBs. Altogether, the early recruitment of TDP-43 at DSB sites and its sustained presence until the repair completion suggest a vital role of TDP-43 in DSB repair/DDR signaling.
Loss of TDP-43 inhibits NHEJ
Neutral Comet analysis and DSB marker γH2AX/p-53BP1 foci kinetics to monitor the disappearance of etoposideinduced DSB damage in cells with/without TDP-43 first revealed significantly reduced DSB repair capacity in neurons lacking TDP-43. Performing reproducible and consistent downregulation of TDP-43 in neurons is a challenge, both due to transfection consistency of si/shRNAs and lethality of neurons that lack more than 60% of endogenous TDP-43. To overcome this, we generated a doxycycline-inducible TDP-43 KO system using the CRISPR/Cas9 technique in a neuronal cell line to monitor the effect of TDP-43 depletion in a timely manner. Notably, dose-dependent depletion of TDP-43 by the conditional TARDBP gene KO proportionally yielded DNA DSBs in the nuclear genome, even under unstressed conditions. Consistently, the neuronal viability was proportionately affected, which was further enhanced synergistically when treated with DSB-inducing drugs or irradiation.
To directly test the effect of loss of TDP-43 on NHEJ, we employed a reporter-based in situ NHEJ assay by transfecting the inducible TDP-43 KO cells with I-SceI NHEJ reporter plasmids. Significantly reduced green fluorescent protein (GFP) readout in TDP-43 KO cells compared with control cells confirmed that loss of TDP-43 caused DSB repair inhibition via the NHEJ pathway in the neuronal genome.
Mechanistic role of TDP-43 in NHEJ: Regulation of recruitment and function of XRCC4-DNA Lig4 complex
Given that DSB ligation is the final critical step in the NHEJ pathway to restore genomic integrity, and the selective interaction of TDP-43 with the XRCC4-Lig4 complex, we investigated whether TDP-43 plays a role in the recruitment and/or function of the NHEJ ligation complex at the break sites. Complementary experimental approaches, namely chromatin immunoprecipitation (ChIP), PLA, and co-immunoprecipitation (co-IP), firmly established the role of TDP-43 in regulating the recruitment of XRCC4 and Lig4 at DSB sites. Consistently, loss of TDP-43 inhibited the recruitment of XRCC4-Lig4 at γH2AX. However, TDP-43 depletion did not affect assembly of XRCC4, XRCC4-like factor (XLF), and Lig4 in response to genome damage. These in cellulo results were recapitulated by in vitro ligation assays using XRCC4 co-IP complexes in the presence or absence of TDP-43. TDP-43 downregulation had significant effects on Lig4 activity, which was rescued by supplementing the reaction mixture with recombinant TDP-43. Furthermore, TDP-43 directly interacted with XRCC4-Lig4 in the absence of DNA in vitro. Interestingly, our follow-up study with ALS-associated mutant TDP-43 (Q331K) variant revealed that mutant TDP-43 mislocalized in the cytosol and trapped XRCC4, preventing its DNA damage-dependent nuclear translocation, eventually affecting Lig4 recruitment and activity. 6 Currently, genetic manipulation in C. elegans has emerged as a useful disease model to study ALS-associated neurodegeneration. In this study with a C. elegans model harboring truncated TDP-1, we documented higher mortality rates at larval stages, compared with wild-type nematodes, when challenged with 4 
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irradiation. Furthermore, etoposide-treated mutant worms exhibited reduced genome repair rates in vivo and also in in vitro plasmid-based DSB repair assays compared with that of wildtype worms. These results revealed that although TDP-1 is not an essential protein for C. elegans to survive, it plays important role in DSB repair in response to genome damage insults.
In summary, our findings, for the first time, demonstrate that TDP-43 participates in the DDR/DNA damage repair and its nuclear clearance in spinal motor neurons causes DSB repair defects in ALS. The key highlights of this study are as follows: (1) in addition to its RNA processing and miRNA biogenesis functions, TDP-43 acts as a critical component of the NHEJ pathway for DSB repair; (2) TDP-43 rapidly recruits and persists at DSB sites until repair completion and functions to recruit DSB ligation factor XRCC4-Lig4 complex at the break sites; and (3) loss of functional TDP-43 or its nucleo-cytoplasmic mislocalization causes persistent accumulation of unrepaired DSBs and DDR activation contributing to neuronal apoptosis. These new paradigms that uncover a link between TDP-43 pathology and impaired DNA repair suggest potential avenues for DNA repair-targeted therapies for TDP-43-ALS and related motor neuron diseases.
Unanswered Questions and Future Directions
Given that TDP-43 is a multi-functional protein, our novel findings not only provided insights into a previously undescribed DNA repair defect linked with TDP-43-associated neurodegeneration but also raised an important opportunity for exploring DNA repair-targeted therapeutic avenues. This requires a comprehensive understanding of molecular mechanisms involved, as well as the implications of these defects in neuronal and glial functions in the central nervous system. Future studies should address the following areas. (1) The role of TDP-43 in maintaining genome integrity in non-neuronal brain cells, for example, glia and astrocytes. Furthermore, comparing the DNA repair role of TDP-43 in post-mitotic vs cycling cells may reveal important mechanistic insights about selective vulnerability of neurons in ALS. (2) Does genome instability and altered DDR signaling contribute to neuroinflammation in ALS? Neuro-inflammation has been identified as a major factor for neuronal cell death in ALS and several other neurodegenerative diseases. 7 Reports have shown that TDP-43 aggregation induces cellular oxidative stress and inflammatory responses; however, neuro-inflammation has been found to cause TDP-43 mislocalization. 8 (3) Does TDP-43 act as a scaffolding factor for assembling non-coding RNAs at genome damage sites? Long non-coding RNAs and microRNAs have been shown to regulate DDR signaling. 9,10 Recent next-generation sequencing studies identified several DNA damage-induced small RNAs, which may play critical roles in endogenous DSB repair. 11 Because TDP-43 acts as a partner in the DROSHA/DICER complex for miRNA biogenesis, 12 it will be interesting to elucidate the TDP-43 broader or indirect roles in DNA repair via its RNA binding functions. Furthermore, the role of RNA/DNA-binding proteins in DNA repair has been recently highlighted in an increasing number of studies. We previously documented the involvement of hnRNP-U, a member of the hnRNP family, which acted as a switch allowing DSB repair to proceed in preference to oxidative/single-strand break (SSB) repair processes. 13, 14 More recently, we discovered that another RNA/DNA-binding protein, fused in sarcoma/ translocated in liposarcoma (FUS/TLS), linked to the ALS-FUS subtype, participated in DNA SSB repair by facilitating PARP-1-mediated recruitment and in functioning of the XRCC1/Ligase 3 complex. 15 It is intriguing that these RNA binding proteins influence the final DNA break/sealing step of repair, which raises the possibility of their structural and functional roles in maintaining optimal DNA repair enzyme processivity/stability at break sites. Further investigation along these lines may add new dimensions to our knowledge of genome repair and their defects in neurodegenerative diseases and allow us to develop clinically effective strategies to ameliorate genome instability in ALS-TDP-43.
